Background: A candidate vaccine, live attenuated Vibrio anguillarum developed in our laboratory could prevent vibriosis of fish resulted from V. anguillarum and V. alginolyticus. To elucidate the molecular mechanisms underlying the vaccine protection, we used microarray technology to compare the spleen transcriptomes of bath-vaccinated and unvaccinated zebrafish at 28 days post vaccination.
Introduction
Vibrio anguillarum, a Gram negative, curved rod bacterium, is the causative agent of vibriosis in cultivated fish. The vaccination against V. anguillarum is now recognized as a viable strategy for controlling vibriosis. A live attenuated vaccine has been successfully constructed in our laboratory by curing the virulence plasmid pEIB1 which encodes a very efficient iron uptake system mediated by the siderophore anguibactin [1] and deleting the aroC gene from the wild-type strain V. anguillarum. It shows a remarkable immunogenicity against V. anguillarum for Paralichthys olivaceus, Scophthalmus maximus and zebrafish. Zebrafish vaccinated with the live attenuated vaccine strain show a relative percent survival of 90% [2] . Meanwhile, the live attenuated vaccine also had excellent cross immunoprotection against Vibrio alginolyticus, which is the main pathogen causing a large economic lost in the primary cultivated economic fishes, such as Epinephelus coioides and Pseudosciaena crocea, in southern China (US patent, No: 20080274136, 2010 ). However, the mechanism of its immune protection induced by bath-vaccination has not yet been fully understood.
The ultimate goal of a vaccine is to develop long-lived immunological protection against a given pathogen depending on long-lived memory cells and effector cells. The memory T-cell compartment consists of both CD4 + and CD8 + T cells which can rapidly acquire effector functions to kill infected cells and/or secret inflammatory cytokines that inhibit replication of the pathogen [3] . Different classes of microbes elicit lineage-specific responses from the T-cell repertoire. While helper Th1 cells produce large quantity of interferon-c (IFN-c) to participate in cellular immunity against intracellular pathogen, Th2 cells produce mainly interleukin-4 (IL-4) to mediate the humoral responses to extracellular pathogen. More recently, a subset of CD4 + T cells which were observed to preferentially produce interleukin-17 (IL-17), but not IFN-c and IL-4, were named Th17 cells. The Th17 cells orchestrate the mucosal defense against pathogen by secreting proinflammatory cytokines IL-17 and IL-22, which stimulate the airway, intestinal and skin epithelia to secrete chemokines and an array of antimicrobial peptides which repel assault from diverse infectious agents [4] [5] [6] . Th17 response is likely to emerge as an early response to a number of pathogens not handled well by Th1 or Th2-type immunity, which requires robust tissue inflammation to be cleared. Indeed, through the potent induction of chemokines, Th17 cells attract other subsets of T helper cells to sites of infection at later stages of the inflammatory process [7] .
Although Th17 cells have not been identified in teleost, it is thought to be an ancient lineage highly conserved in all vertebrates including the jawless lamprey [8, 9] . Zebrafish, for which an enormous amount of information on a genomics scale is available, is a well-studies model for the analysis of hostpathogen interaction during infectious disease [10] . Numerous genes associated with Th17 cells differentiation, function and signaling have been identified in this animal model. Five forms of zebrafish IL-17, the hallmark cytokines of Th17 cells, have been identified [11] . Nuclear RAR-related orphan receptor gamma (RORc), a master regulator of Th17 differentiation, is also conserved in zebrafish [12] . Other cytokines such as IL-21, IL-23 and IL-26 contributing to the Th17 cells differentiation and produced by Th17 cells were discovered in zebrafish too [13, 14] . Very recently, the Th17-like immune responses in fish were reported. It was found that Th17 lineage might be related to the severity of side effects in Atlantic salmon vaccinated with oil-adjuvanted vaccine [15] while a Th17-like immune response was demonstrated to be induced in carp infected with a protozoan parasite [16] . However, Th17-like immune response of teleost induced by bath-vaccination with the live attenuated vaccine has not been reported yet. In this work, the gene expression profiling between control and bath-vaccinated fish at 28 days post-vaccination using Zebrafish Agilent gene expression microarray chips was analyzed. Besides notably activated innate immunity, the expression profiling of the genes related to adaptive immunity responses suggested the maturation of B lymphocytes and the activation of Th17 pathway. In order to demonstrate whether Th17-like immune response be involved in the immune protection against V. anguillarum, the differential expression of Th17 pathway-associated genes was investigated in inoculated zebrafish during 35 days post vaccination. The results revealed a Th17-like immune response as well as antibody-mediated immune response mainly contributing to the immunoprotection against V. anguillarum in bath-vaccinated zebrafish. 
Materials and Methods

Ethics Statement
The animal work presented here was approved by the Animal Care Committee, East China University of Science and Technology (approval ID: 2006(272)).
Fish, Vaccination and Sampling
Six-month-old zebrafish weighting about 0.3 g were obtained from the animal center in our laboratory (Shanghai, China). They were reared in running dechlorinated and aerated water at 24uC on a 12:12 h light/dark rhythm and fed with commercial feed for aquatic animal twice per day. After 6 days of acclimation, 420 zebrafish were randomly divided into three vaccinated groups and three control groups. V. anguillarum MVAV6203 was cultured in high-salt Luria (LB) medium at 30uC for 16 h. The cells were harvested by centrifugation and rinsed twice in 2% saline. The desired number of cells was adjusted to 1610 8 CFU/ml with 2% saline. Six groups of 70 zebrafish were immersed in the aerated cell-resuspended saline or 2% saline for 10 min at 24uC. At 1, 7, 14, 21, 28 and 35 days post-vaccination (dpv), 10 zebrafish from each group were euthanized and sacrificed to isolate the spleen tissue. For euthanasia, they were immersed in 300 ng ml 21 tricaine methanesulphonate (MS-222, Sigma, USA) for at least 10 min. At 28 days post-vaccination additional pool of spleen tissue of 10 zebrafish from each group was harvested for microarray hybridization.
RNA Preparation, Microarray Hybridization and Data Analysis
Total RNA was isolated from spleen samples by Trizol (Invitrogen, USA) according to the manufacturer's instructions. The RNA samples were digested with DNase (Promega, USA) to eliminate genomic DNA contaminant. The quality of RNA samples was assessed using NanoDrop ND-1000 spectrophotometer (Labtech, USA). The integrity of RNA was assessed using standard denaturing agarose gel electrophoresis. From each sample, 1 mg of total RNA was amplified and transcribed into fluorescent cDNA with the manufacturer's Agilent's Quick Amp Labeling protocol (version 5.7, Agilent Technologies). The labeled cDNAs were hybridized onto the Whole Zebrafish Genome Oligo Microarray (4644 K, Agilent Technologies). After having washed the slides, the arrays were scanned by the Agilent Scanner G2505B. Agilent Feature Extraction software (version 10.5.1.1) was used to analyze acquired array images. The software determines feature intensities (including background subtraction), rejects outliers and calculates statistical confidences. Median normalization and subsequent data processing were performed Th17-Like Immune Responses to Vibrio anguillarum PLOS ONE | www.plosone.orgusing the GeneSpring GX v11.0 software package (Agilent Technologies). After median normalization of the raw data, genes that at least 4 out of 8 samples have flags in Present (''All Targets Value'') were chosen for further data analysis. Differentially expressed genes with statistical significance were identified through Volcano Plot filtering. To identify differentially expressed genes with statistical significance Fold Change $ 1.5 (p # 0.05) was used as a cutoff. Pathway analysis and GO enrichment analysis were applied to determine the function of differentially expressed genes in different biological pathways or GO terms. GO analysis was performed with DAVID software tools for Functional Classification and Functional Annotation Clustering (http://david.abcc. ncifcrf.gov/home.jsp) and KEGG pathway database with default parameters. All data set can be downloaded from Gene Expression Omnibus public data base at www.ncbi.nlm.nih.gov/geo/with the GEO accession number GSE39914 (Table S1 ).
Real-time Quantitative PCR Analysis
Real-time quantitative PCR was performed using the ABI Prism 7500 Detection System (Applied Biosystems, USA) with SYBR Green (Roche, USA) as the fluorescent detection dye according to the manufacturer's protocol. Total RNA was isolated from spleen samples by Trizol (Invitrogen) according to the manufacturer's instructions. The RNA samples were digested with DNase (Promega) to eliminate genomic DNA contaminant. First strand cDNA was synthesized by PrimeScript RT reagent kit (TaKaRa, Dalian, China) with oligo d(T) primer and random 6 mers using DNase digested total RNA as template. Primers were designed using Primer Express 3 software (Applied Biosystems) ( Table S2 ). The thermal cycling profile consisted of an initial denaturation at 95uC for 10 min, followed by 40 cycles of denaturation at 95uC for 15 s an appropriate annealing/extension temperature at 60uC for 60 s. An additional temperature ramping step was utilized to produce melting-curves of the reaction from 60uC to 95uC. For each gene the triplicate fluorescence intensities of the control and treatment groups were measured. The relative expression of each gene was determined by comparative threshold cycle method (2 2DDCt method) with house-keeping gene b-actin as reference gene. For each primer a standard curve was generated by analyzing serial dilutions of cDNA to optimize the designed primer. Student's t-test was used to determine whether the detected expression differences were statistically significant (p,0.05).
Results and Discussion
Global Changes in Gene Expression upon Vaccination
A total of 2164 genes and transcripts were differentially expressed using Fold Change $ 1.5 (p#0.05) as a cutoff, accounting for 4.9% of all genes represented on the chip (Table  S3) . Using the web-based database for annotation, visualization and integrated discovery (DAVID), the gene ontology (GO) analysis of the genes was performed with default settings and the Ensembl Gene IDs was used as input during the process. DAVID had functional annotation for 1436 genes, making up 66.3% of all differently expressed genes. In the ''molecular function'' and ''biological process'' categories, ''nucleic acid binding'' and ''cellular metabolic process'' were the most abundant GO terms, making up 13.8% and 20.3% of each subcategory, respectively. GO analysis indicated that live attenuated V. anguillarum up-and down-regulated genes were involved in cellular metabolic process, response to stress, transcription activator activity ( Table 1 ).
The 2164 genes were mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) to identify the biological pathways that were activated in the zebrafish in response to the vaccination. A total of 1766 genes of zebrafish transcriptome were mapped to KEGG and 46 statistically remarkable categories (p,0.05) were identified (Table S4) , 20 of which were listed in Table 2 . Several signaling pathways, including MAPK, insulin, hedgehog, Wnt and RIG-I-like receptor signaling pathways, are significantly modulated.
To validate the differentially expressed genes identified by microarray, 10 differentially expressed genes such as inducible nitric oxide synthase 2 (iNOS2a), itga3b, STAT5, IL7R, IL22, Bcl6ab, Cdc42l, Mycb, ABCB8, and Ctsl1a were selected for realtime qPCR analysis. The expressions of all examined genes matched the microarray data (Figure 1) .
Many genes associated with the innate immunity were modulated in vaccinated zebrafish with the live attenuated V. anguillarum (Table 3) . A receptor of inflammatory mediator, Leukotriene B4 receptor, was over-expressed significantly (fold = 9.19) while a scavenger receptor named mannose receptor C type 1 was up-regulated (fold = 6.33). Metalloproteins (MMPs) regulate the cell matrix composition and are evaluated as markers Figure 2 . Iron uptake and metabolism were enhanced in the bath-vaccinated zebrafish. Genes related to putative iron metabolism of intracellular iron and competition for extracellular iron were differentially modulated after vaccination with the live attenuated V. anguillarum. Red: up-regulated, Green: down-regulated, Black: not found to be modulated. doi:10.1371/journal.pone.0073871.g002
Th17-Like Immune Responses to Vibrio anguillarum PLOS ONE | www.plosone.orgof inflammation [17] . Of them, MMP-9 is important for leukocyte migration and inflammation owing to its ability to degrade basement membranes and components of the extra cellular matrix [18] . MMP-13 has a key role in the MMP activation cascade and also contributes to wound repair [19] . The expressions of the two metalloproteins, MMP9 and MMP13, were up-regulated for 6.12 fold and 2.05 fold, respectively.
Additionally, a number of genes related to iron metabolism were differentially expressed in the spleen of zebrafish at 28 days post bath-vaccination. The nature resistance associated macro- Th17-Like Immune Responses to Vibrio anguillarum PLOS ONE | www.plosone.orgphage protein 2 (Nramp2, also known as SLC11a2) is a transporter associated with export of iron from phagosomes [20] . Its up-regulated expression (fold = 2.22) might increase the iron uptake from transferrin and low-molecular-weight iron complexes. In vitro uptake of hemopexin-heme complex mediated by CD91 could be inhibited by LRPAP1 (low density lipoprotein receptor-related protein associated protein 1) [21] . The expression of LRPAP1 was significantly suppressed (fold = 213.79). The expression of IREB2 (iron responsive element binding protein 2) which plays a central role in iron metabolism was slightly increased (fold = 1.64). IREB2 can sense cytosolic iron levels and posttranscriptionally regulate iron metabolism genes including transferrin receptor 1 (TfR1) and ferritin H and L subunits, by binding to iron-responsive elements (IREs) within target transcripts. Its up-regulated expression implied the more iron uptake. Although the expression of transferrin receptor 2 (Tfr2) which might play a role in cellular iron uptake through binding and internalizing a carrier protein transferrin (Tf) decreased considerably, its substantially lower affinity to Tf was identified and its expression was independent on cellular status of iron in contrast to Tfr1 [22] . Its decreased expression might be related to other function. Additionally, NO is a critical regulator of cellular iron homeostasis via activation of IRP (iron regulatory protein) binding to IRE (iron responsive element). The expression of iNOS2a, which could produce important antimicrobial effectors namely nitric oxide (NO) [23] , was highly up-regulated (fold = 7.50). As a ferritin iron chaperone, poly(rC) binding protein (PCBP) could deliver iron to ferritin. Its up-regulated expression implied that excess iron was stored as the form of ferritin. Taken together, the genes expression changes indicated that iron uptake was increased after bath-vaccination ( Figure 2) . Meanwhile, the expressions of numerous genes relevant to adaptive immunity responses were regulated, including cytokines, receptors and other proteins involved in the antigen presentation and the T-cell and B cell activation (Table 4) . Expression of some immunologically significant genes increased, including TCRVR, CD28, CREB, MHCII, CD276 (B7) and CD40, which could provide the activating signal and co-stimulation signal to naive T cell. From these evidences, helper T lymphocytes were activated by bath-vaccination of the live attenuated V. anguillarum. Besides, The expressions of four transcription factors Bcl6, Prdm1a, Nfxl1, and STAT6 which were found to play important roles in B cells activation and differentiation and another transcription factor RBPJ (recombination signal binding protein for immunoglobulin kappa J region) which was involved in cell fate determination of margin zone B cell [24] were all elevated. Especially, Bcl6 is a master factor of B cell differentiation. These results suggest that the differentiation and maturation of B lymphocytes were induced. In our laboratory, unambiguous specific antibody response was detected in serum of vaccinated zebrafish during 28 days post vaccination [2] . Significantly enhanced specific antibody and changes in gene expression related to B cell differentiation at 28 days post bath-vaccination of live attenuated V. anguillarum confirmed responses of humoral immunity.
Cytokines, Membrane Receptors and Transcription Factors Associated with Th17 Cell
As the functions of those genes related to adaptive immunity were further explored, we found that several genes associated with Th17 differentiation and amplification were significantly modulated. In contrast to Th1 and Th2 cells which depend on their respective effector cytokines (IFN-c and IL-4) for differentiation, Th17 differentiation is initiated by the combined action of IL-6, TGF-b [25, 26] and IL-1b [27] . The genes encoding IL-1b, TGFb and TGF-b receptor in vaccinated zebrafish were up-regulated. Furthermore, the mannose receptor (MRC1) was overexpressed by 6.33 fold (p = 4.4610 24 ). Although its immunological role is still unknown, a possible clue is via a role in inducing Th17 response during infection [28] .
The expression of gene encoding IL22, one of cytokines secreted by Th17 effector, was elevated by 2.08 fold. Furthermore, Cua et al recently indicated that IL-23 might play an important role in the terminal differentiation of Th17, potentially through its effect on re-expression of IL7R on Th17 cells [29] . Activated Th17 cells and other effector T cells showed surface expression of interleukin 7 receptor (IL7R). IL7R is essential in survival and development of cells differentiating to T cells as well as in mature T cells [30] . In addition, IL7R signaling combined with activation of STAT5 appears to play an essential, although not sufficient, role for development of memory CD4 + T cell [31, 32] . In this work, significant up-regulations of IL23R, IL7R and STAT5 expressions were found in 28 days post bath-vaccinated zebrafish.
IL-17 strongly recruits and activates neutrophils [33] and stimulates the release of a variety of mediators of inflammation including matrix metalloproteinases such as MMP9 [34] and MMP13 [35] which facilitate neutrophil infiltration. CCL20, a small cytokine belonging to the CC chemokine family, is strongly and specifically chemotactic for Th17 cells by its CCR6 chemokine receptor and is secreted by Th17 cells [36] . In this work, the gene expressions of all three mediators CCL20, MPP9, and MMP13 were up-regulated. Accordingly, it could be believed that the Th17-like immune response was activated in bathvaccinated zebrafish with the live attenuated V. anguillarum (Figure 3 ).
Th17 cells preferentially migrate to the intestine and mucosaassociated lymphoid tissues [37] in mammal. Integrin b7, a subunit of integrin receptor and with the alpha 4 subunit, forms a specific lymphocytes receptor which is important for effectors and memory lymphocytes migration into gut [38, 39] . In addition, BLT1, the receptor for the potent lipid chemoattractant leukotriene B4 (LBT4), can mediate the recruitment of neutrophils and effector T cells [40, 41] . The expression of both receptors were upregulated at 28 dpv post bath-vaccination. Accordingly, It is suggested that bath vaccination by the live attenuated V. anguillarum might enhance leukocytes chemotaxis in spleen.
Temporal Expression Profiling of Th17-related Genes
Microarray analysis showed the signs of adaptive T cell immunity. Several up-regulated cytokines (TGF-b, IL-1b, IL-22), surface receptors (TGF-bR, IL-23R and IL-7R), and transcription factor STAT5 illustrated Th17 differentiation and expansion. To confirm the activation of Th17, a set of Th17-related markers were included in a temporal expression analysis during 35 days post bath-vaccination with the live attenuated V. anguillarum. Of the 16 genes measured, the expressions of 14 genes were significantly changed in zebrafish after vaccination as compared to control group (p,0.05). Among them, the expressions of 6 genes were significantly increased at 14 dpv (p,0.05), including TGF-b, (Figure 4, A,  B, C, F) . While TGF-b and IL-6 expressions were slightly, but significantly, elevated, IL-23p19 expression increased with a high peak (4-fold) at 14 dpv. The expressions of the cytokine receptors of TGF-b and IL-23 were up-regulated at 14 dpv. All three cytokines TGF-b, IL-6 and IL-23p19 play important roles in the initiation and maintenance of Th17 differentiation. IL-23 expands and stabilizes Th17 cells to produce their effector cytokines [42] . Particularly, the expression of IL-17A/F2 was highly up-regulated to the peak of over 7-fold at 14 dpv with a gently up-regulated expression of its transcription factor RORc. The expressions of two other transcription factors, STAT3 and STAT5, gradually increased after 7 dpv and reached a peak at 28 dpv (Figure 4, E) . Two other cytokines IL-21 and IL-22, mainly secreted by Th17 effector, were elevated with a peak at 21 dpv and 28 dpv, respectively (Figure 4, D) . Taken together, these results suggest that Th17 effector cell be activated between 14 dpv to 21dpv. The significantly up-regulated expression of the IL7R and integrin b7 at 28 days and 35 days post vaccination (Figure 4 , G, H) imply the exist of immunological memory and mucosal-related immunity.
The expression profiles supported the Th17-like immune response to the live attenuated V. anguillarum. In mammals, studies of infectious disease highlight the critical role of Th17 response in host defense against extracellular pathogens, particularly Gramnegative bacteria that colonize mucosal surfaces. Mice infected by Klebsiella pneumonia [43, 44] , Bordetella pertussis [45] , or Streptococcus pneumonia, for example, mount a Th17 response and disruption of IL-17 signaling increase susceptibility in these model. The activation of Th17 lineage by pertusis toxin and pneumococcal antigen is necessary to confer full protection against subsequent infection [46] . Similar to K. pneumonia and B. pertussis, V. anguillarum is a Gram-negative, extracellular pathogenic bacterium. Following these reality and results, we assume that Th17 lineage provide protection against further infection in the bath-vaccinated zebrafish, although more evidences need to be established.
Signaling Pathway and Adaptive Immunity
Several signaling pathway, such as Wnt and hedgehog (Hh) were significantly modulated at 28 days after bath-vaccination. During embryonic development complex but delicate interactions of these pathways are crucial for stem cell maintenance, body patterning, cell fate determination and organogenesis. Recent studies indicated that the signaling pathway was also associated with lymphocytes development, activation and differentiation. Among them, Wnt-signaling plays a prominent role in the immune system for regulating effector T-cell development, regulatory T-cell activation and dendritic-cell maturation [47] . The expressions of most genes involved in canonical and non-canonical Wnt-signaling pathways were affected in 28 days post vaccination of the zebrafish with the live attenuated V. anguillarum ( Figure 5 ). Two reports demonstrated the critical requirements of the Wnt-b-catenin pathway for Th2 differentiation [48, 49] . Although the TCF-1/b-catenin complex positively regulates Th2 initiation and further differentiation, TCF-1 represses alternative Th1 and Th17 fates in activated CD4 + T cells [50] . Given the timing for microarray hybridization is at 28 dpv, it is suggested that at this time point Th17-mediated immune response decrease and Th2-meiated B cell maturation are induced. Emerging trends also highlight the capacity of Th17 cells to bridge the gap between innate and adaptive immunity and attract other subset of T helper cell to sites of infection at later stages of the inflammatory process [51] . This deduction is consistent with our results that peak of Th17-mediated immune response appears at 14 dpv and specific antibody response at 28 dpv. Furthermore, Wnt/Ca 2+ signaling activates NFAT, NF-kB and Bcl6 and up-regulates CD40 expression. NFAT may intensify Wnt/Ca 2+ signaling by activating NF-kB and Bcl6 for protection of B cells [52] . Hedgehog signaling modulates mature T cell functions through the regulation of cell cycle progression [53] [54] [55] . Our observation indicated that adaptive immunity induced by the live attenuated V. anguillarum are mainly mediated by Th17 cells and B cells.
Conclusions
The analysis of the transcriptome and gene expression in the live attenuated V. anguillarum-vaccinated zebrafish revealed the changes of genes involved in both innate and adaptive immunity. Adaptive immunity associated with Th17-like immune response and antibody response can account for the high level RPS of bathvaccinated zebrafish. Activation of Th17 pathway implies that bath-vaccination of the live attenuated V. anguillarum evokes mucosa immune response which plays pivotal role in orchestrating the mucosal barrier against pathogen. These findings provided valuable leads for further investigation into the mucosal immune response induced by immersion route. The modification of immunity factors and anti-infection at the mucosal site of entry may be a focus in the next work. 
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